Introduction
============

*Escherichia coli* is frequently found as a normal inhabitant of the intestinal tract of humans and animals. However, some strains, capable of causing disease, are pathogenic clones in healthy hosts \[[@B23]\]. Avian pathogenic *E. coli* strains (APEC) are most commonly associated with extraintestinal infections, mainly in the respiratory tract or systemic infections; a variety of diseases can result, which are responsible for severe economic losses in the avian industry \[[@B11],[@B17],[@B18]\].

The pathogenesis and the role of virulence present in APEC strains have not been fully elucidated to date. However, considerable progress has been made recently to establish the mechanisms of pathogenesis \[[@B11]\]. Flagella, toxins and cytotoxins, serum resistance, colicin production, iron sequestering systems, temperature-sensitive hemagglutinin and expression of adhesins, are considered to be the fundamental virulence associated factors for the full expression of APEC pathogenecity \[[@B5],[@B9],[@B10],[@B12],[@B36]\]. Expression of adhesins was first detected by the observation that a virulent and fimbriated strain was less easily cleared from the trachea of turkeys than a non-virulent and less-fimbriated strain \[[@B1]\]. The principal adhesins described for APEC strains are type 1, type P, curli fimbriae and temperature-sensitive hemagglutinin (Tsh). Type 1 and type P fimbriae are encoded by the *fim* and *pap* gene clusters, respectively, that are located on the *E. coli* chromosome \[[@B28]\]. Curli fimbriae have been associated with bacterial adherence to laminin and fibronectin \[[@B26]\] and with chicken red blood cell agglutination, but their involvement in pathogenesis is still unclear and remains to be clarified \[[@B27]\]. The *tsh* gene, which encodes a Tsh, was first identified by Provence and Curtis III \[[@B30]\] and was shown to be associated with APEC but not with *E. coli* isolated from the feces of healthy chickens; \[[@B22]\] this suggested that hemagglutinin could be associated with APEC pathogenesis.

There is strong evidenc that adhesion properties are associated with APEC pathogenicity. The purpose of this stud was to determine the association of pathogenicity and adhesion characteristics expressed by an avian septicaemic *E. coli* strain (SEPT13) and to correlate these characteristics with the presence of the 88 MDa plasmid found in this strain. In addition, we compared these results with previous reports on strain SEPT13. Furthermore, once the genetic location of the adhesin operon is determined it could be cloned and expression of the adhesion protein could be studied to improve our understanding of the role of adhesion in Brazilian chicken flocks.

Materials and Methods
=====================

Bacterial strains and growth media
----------------------------------

*Escherichia coli* strain SEPT 13 was isolated from the liver of a chicken with clinical signs of septicaemia. The *E. coli* strains K12 MS101 (nalidixic acid resistant) and HB101 (streptomycin resistant) are non-pathogenic strains that were used as recipient strains for transformation experiments using the electroporation technique. *E. coli* strain LG 1522 \[[@B6]\] was used as an indicator strain for aerobactin production. *E. coli* strains R80 (all colicins), R81 (col I), R82 (col Ia), R83 (col Ib), R675 (col E1), R676 (col E3), R914 (col ROW-K), R915 (col V), and R996 (col B) were used as indicator strains for specific colicins. They were a gift from Dr. E. C. Souza, at the Federal University of Minas Gerais at Belo Horizonte, MG. *E. coli* V517 is a strain that harbors plasmids of different sizes (32, 5.12, 3.48, 3.03, 2.24, 1.69, 1.51, and 1.25 MDa); \[[@B20]\] they were used as molecular standards in the agarose gel electrophoresis. Plasmid pRT733 \[[@B43]\] containing transposon TnphoA was used for the mutagenesis experiments. LB and LA media \[[@B34]\] were used for routine bacterial growth. All strains were stored in LB medium containing 15% glycerol at -70℃ to avoid the loss of plasmids.

Determination of antibiotic resistance levels
---------------------------------------------

The resistance of antimicrobial drugs (ampicillin, kanamycin, streptomycin, tetracycline, and chloramphenicol) was determined as described by Chulasari and Suthienkul \[[@B8]\]. Concentrations of 5, 10, 25, 50, 100, 250, and 500 µg/ml were used to determine the resistance level for each antibiotic. The maximum concentration of an antibiotic that still had bacterial growth was considered the minimal inhibitory concentration for that antibiotic.

Pathogenicity assay
-------------------

Pathogenicity assays were performed as described by Fantinatti et al. \[[@B14]\]. Briefly, a 1.0 ml suspension (LB medium, 37℃, 14-18 h; washed twice with and resuspended in 0.85% sterilized saline solution) of the strain to be tested was diluted ten-fold (10^-1^ to 10^-11^) and 0.5 ml of each dilution was injected subcutaneously into the neck region of groups of six one-day-old-male chickens. These groups were observed throughout a 7-day period. The LD~50~ was calculated by the method of Reed and Muench \[[@B32]\] for each strain. All of the experiments were conducted with germ-free white leghorn chickens. Each group of animals was separated into cages that were cleaned daily and fed *ad libido* with sterile water and food.

Colicin production
------------------

Colicin was produced as described by Azevedo and da Costa \[[@B3]\]. Briefly, the strains were cultured overnight in LB medium at 37℃ and a drop was plated onto LA agar. After the overnight incubation at 37℃ all bacterial growth was destroyed by chloroform fumes and then overlaid with 3.0 ml of soft LA medium containing a colicin-indicator strain. The capacity for colicin production (Ia, Ib, E1, E3, K, and B) was determined by the presence of a clear halo around the destroyed bacterial colonies after an overnight incubation period.

Aerobactin production
---------------------

Aerobactin production was assayed by the method of Carbonetti and Williams \[[@B6]\] using *E. coli* LG 1522 as the indicator strain. For this purpose, symmetric holes were made in the LA medium containing 200 µM α-α-dipyridyl and then filled with the supernatant of the bacterial growth (iron-free LB medium, 37℃, overnight) of each strain to be tested. Once the medium had absorbed all of the liquid, strain LG 1522 was inoculated onto its surface and the Petri dish incubated at 37℃. Growth of LG 1522 colonies, over 72 h, around a given hole, indicated the capacity of that strain to produce aerobactin.

Adhesion and invasion capacities of strains into HEp-2 cells
------------------------------------------------------------

The capacity for adhesion and invasion of all strains into HEp-2 cells was studied as described by Scaletsky et al. \[[@B35]\] and Vidotto et al. \[[@B44]\], with slight modifications. Briefly, cultures of these cells were grown in 24-well tissue culture microplates (BD Falcon, USA) where sterile round cover slips (13 mm in diameter) were placed prior to the inoculation with the cells. The growth medium for each microplate well consisted of 0.9 ml of Eagle\'s minimal essential medium (MEM) with 10% fetal calf serum, 1% D-mannose, and 1% antibiotics solution (penicillin 100,000 U and streptomycin 100 µ/ml). The microplates were incubated in 10% CO~2~ atmosphere at 37℃ until a semi-confluent monolayer was formed. Afterwards, the monolayers were washed 3 times with sterile phosphate buffered saline (PBS) 0.05 M, pH 7.2. Then, 0.1 ml aliquots of the bacterial culture (37℃ -18 h, in LB medium) containing 2 × 10^7^ colony forming units (CFU) were added to the wells. After 3 h of incubation at 37℃, the monolayers were washed 10 times with PBS buffer, fixed with methanol for 10 min, stained with the May-Grunwald and Giemsa stains, and observed under bright field microscopy (×1,000).

Adhesion of strains to tracheal epithelial cells
------------------------------------------------

Adhesion to tracheal epithelial cells was evaluated as described by Dho and Lafont \[[@B9]\] and Pourbakhsh et al. \[[@B29]\] using 18-day avian SPF (specific pathogen free) embryonated eggs. Briefly, the trachea was aseptically removed from 18 day avian embryos, rinsed in PBS (pH 7.4), and cut in 5 mm sections. Adherence studies were performed in the 96-well-round-bottom microtiter plates, as described below: two trachea rings and 25 µl of Eagle medium with 5% calf serum were placed into each well. A suspension of each bacterium (10^9^ cells/ml) previously grown on LB (37℃ - 18 h) was incubated with the tracheal rings at 37℃ for 30 min, after which they were washed with PBS and incubated for 4 h (37℃). The tracheal sections were rinsed with PBS-formalin. The tracheal rings were dehydrated, xylol treated and blocked with paraffin. Five µm thick sections were cut using a microtome, mounted on glass slides, hydrated and stained with Giemsa. The adherence assay was performed in the presence and in the absence of 1% D-mannose.

Plasmid DNA extraction and agarose gel electrophoresis
------------------------------------------------------

Plasmid DNA was extracted as described by Sambrook et al. \[[@B34]\] and suspended in sterilized deonized water and stored frozen until use. The plasmid DNA to be used in the electroporation experiments was cleaned using the Wizard DNA Clean-up columns (Promega, USA). Plasmid DNA electrophoresis and ethidium bromide staining of the gels were carried out as described by Sambrook et al. \[[@B34]\].

Electroporation experiments
---------------------------

The electroparation assays were performed as described by Dower et al. \[[@B13]\] with minor modifications. For this, the recipient strains were grown in LB medium (50 ml, 37℃, 150 rpm) until an absorbance of 0.5, at a wavelength above 500 nm. Then, they were extensively washed with iced 10% (10 ml) glycerol and resuspended in 100 µl of the washing solution. Next, 60 µl of the suspension was electroporated (2,500 V; 800 ohms of resistance; 25 µF of capacitance in 15.3 sec) with 20 µl of the plasmid DNA suspension in a Gene Pulser II (Bio-Rad, USA). Transformant strains were selected on the LA medium containing specific antibiotic markers for the recipient strains and the electroporated plasmid DNA.

Transposon mutagenesis
----------------------

Transposon mutagenesis (TnphoA) was accomplished as described by Taylor et al. \[[@B43]\] using plasmid pRT733. Mutants were obtained on LA medium containing 40 µg/ml of 5-bromo-4-chloro-3-indolyl phosphate and selective antibiotics. Blue, kanamycin resistant colonies were analyzed by agarose gel electrophoresis to establish the plasmid DNA profiles. All strains that presented with an increased plasmid size, as observed by agarose gel electrophoresis, were tested for the LD~50~ using a method described previously.

TnphoA molecular probe and hybridization with plasmid DNA
---------------------------------------------------------

A 3,450 bp DNA fragment of transposon TnphoA was cut from the plasmid pRT733 using the restriction enzyme *Bst* EII, and then purified from the agarose gel using the dialysis method as described by Sambrook et al. \[[@B34]\]. This fragment was labeled using the Alk-Phos kit (Amersham Pharmacia, Sweden), and then hybridized with plasmidial DNA (88 MDa mutagenized plasmid) fragments that were obtained after treatment with the restriction enzymes *Eco* RI, *Eco* RV and *Bst* EII; the fragments were separated by agarose gel electrophoresis as described by Sambrook et al. \[[@B34]\].

Electronic microscopy studies
-----------------------------

The Electronic Microscopy was carried out as described by Sperandio and Silveira \[[@B39]\]. For this purpose, the bacterial strain was grown in LB medium at 37℃, overnight. After centrifugation (13,000 × g; 30 sec), the pellet was resuspended in 200 µl of milli-Q water and 10 µl of this growth was mixed and fixed with 1% phosphotungstic acid for 30 sec. This bacterial suspension was added onto a 400 mesh grid coated with Formvar; the grids were dried in a carbon-evaporator and observed using a transmission electronic microscope (LEO 906; LEO Elektronenmikroskopie, Germany).

Detection of pathogenicity related sequences by PCR
---------------------------------------------------

A total of 20 ng of genomic bacterial DNA was extracted as described by Ausubel et al. \[[@B2]\] and resuspended in TE buffer plus 10 mg/ml RNAse and used for PCR. The primers used for the amplification of the pathogenicity related sequences and the PCR conditions were the same as those described by the authors cited in [Table 1](#T1){ref-type="table"}. All amplification reactions were performed in a Mastercycle termocycle (Eppendorf, Germany). The PCR products were analyzed by electrophoresis in a 1.0% submersed agarose gel stained with ethidium bromide and visualized under UV light as described by Sambrook et al. \[[@B34]\].

Results
=======

[Table 2](#T2){ref-type="table"} shows the biological characteristics of the wild type SEPT 13 strain and its derivative strains. SEPT 13 is an APEC (wrinkled) strain that was isolated from a chicken with clinical signs of septicaemia. It expresses colicins Ia, Ib, E1, E3, K and B; it produces aerobactin and is resistant to ampicillin, tetracycline and streptomycin. In addition, it harbors five different plasmids 2.7, 4.7, 43, 56, and 88 MDa ([Fig. 1](#F1){ref-type="fig"}, Lane 2). This strain demonstrated a D-mannose resistant diffuse adhesion to HEp-2 cells cultivated *in vitro* ([Fig. 2A](#F2){ref-type="fig"}), an adherence to tracheal epithelial cells ([Fig. 3A](#F3){ref-type="fig"}) and was able to invade HEp-2 cells ([Table 2](#T2){ref-type="table"}). Fimbriae expression was detected when this strain was studied under an electron microscope ([Fig. 4A](#F4){ref-type="fig"}). In the one-day-old chicken assay the LD~50~ of strain, SEPT 13 was determined to be 4.0 × 10^5^ CFU/ml ([Table 2](#T2){ref-type="table"}). The PCR experiments demonstrated, in this strain only, the presence of *fimA*, *csgA* and *tsh* genes, and was negative for all the other genes as noted in [Table 1](#T1){ref-type="table"} (data not shown).

Mutagenesis of the SEPT 13 strain with transposon TnphoA (Km^r^, alcaline phosphatase gene) resulted in 12 mutant strains. Agarose gel electrophoresis of these strains demonstrated that the transposon TnphoA had been inserted into the 88 MDa plasmid that was increased in size (93 MDa), in three of these transformant strains. These strains where evaluated by the LD~50~ pathogenicity assay; one of them was found to have a decrease in pathogenicity (LD~50~ of 1.2 × 10^12^ CFU/ml) ([Table 2](#T2){ref-type="table"}). This mutant strain was termed strain ST16. In addition to the decreased pathogenicity, all other biological characteristics were present in the mutant ST16 ([Table 2](#T2){ref-type="table"}). To characterize the biological characteristics of the 93 MDa plasmid, a total plasmidial DNA preparation of strain ST16 was electroporated into strains MS101 (non-pathogenic, nalidixic acid resistant) and HB101 (a non-fimbriated, non-pathogenic, streptomycin resistant). Although of different genetic backgrounds, both of the recipient strains are adhesion and invasion negative to HEp-2 cells. The transformant strains containing only the 93 MDa plasmid (corresponding to the 88MDa plasmid carrying the transposon TnphoA), as determined by agarose gel electrophoresis, were selected in the LB plates with Km, resulting in the transformant strains A ([Fig. 1](#F1){ref-type="fig"}) and B (data not shown), derived from strains MS101 and HB101, respectively. Hybridization experiments using a 3,450 bp *Bst* EII fragment of transposon TnphoA as a molecular probe confirmed the insertion of TnphoA into the 93 MDa plasmid (data not shown).

Strains A and B were unable to produce colicin or aerobactin, were invasion negative for HEp-2 cells (data not shown) but had mannose resistant adhesion to this cell type ([Figs. 2D and F](#F2){ref-type="fig"}, respectively). In this assay, the wild type strains MS101 ([Fig. 2B](#F2){ref-type="fig"}) and HB101 ([Fig. 2E](#F2){ref-type="fig"}) were non-adherent. On the other hand, and as previously pointed out, SEPT 13 and the isogenic mutant strain ST 16 presented with a diffuse adherence pattern ([Figs. 2A and C](#F2){ref-type="fig"}, respectively). The PCR assay was unable to amplify any of the genes that were previously detected in the SEPT 13 strain (*tsh*, *csgA*, and *fimA*) using the genomes of transformants A and B as templates. In addition, strains A and B, as well as mutant ST16, had a LD~50~ of more than 10^11^ CFU/ml ([Table 2](#T2){ref-type="table"}) when evaluated by the one-day-old chicken assay.

The adherence of strains, onto the tracheal epithelial cells, was also assayed ([Fig. 3](#F3){ref-type="fig"}). As expected, the MS101 strain was non-adherent ([Fig. 3B](#F3){ref-type="fig"}). On the other hand, SEPT 13, ST16 and transformant A were adherent to the tracheal epithelial cells ([Figs. 3A, B and D](#F3){ref-type="fig"}, respectively). Transformant B was not tested in this assay.

Electron microscopy studies were performed with strains SEPT13, ST16, transformant A, B, MS101, and HB101. With the exception of transformant B and HB101, all other strains, including the receptor strain MS101, exhibited fimbriae on their surface, as noted in [Figure 4](#F4){ref-type="fig"}. Despite the absence of fimbrial structures on the surface of transformant B ([Fig. 4C](#F4){ref-type="fig"}), this strain was able to adhere to HEp-2 cells ([Fig. 2F](#F2){ref-type="fig"}), in contrast to the results exhibited by the HB101 recipient strain ([Fig. 2E](#F2){ref-type="fig"}).

Discussion
==========

The aim of this study was to correlate the presence of a high-molecular weight plasmid (88 MDa) with virulence and the biological traits of strain SEPT 13. For this, strain SEPT 13 was transposon-mutagenised resulting in a less virulent strain (strain ST 16).

In a previous study performed by Stehling et al. \[[@B40]\], a 43 MDa plasmid present in SEPT 13 was transferred to a recipient strain that resulted in a transformant called transformant E that expressed fimbriae and harbored the gene *tsh*. This gene was proposed as a candidate responsible for the adhesion and invasion characteristics of strain SEPT 13. They demonstrated that this plasmid (43 MDa) was not associated with the major factors responsible for pathogenicity in strain SEP 13 as observed in the one-day-old chicken assay. This is because the transfer of the plasmid to the recipient strains did not increase virulence.

The results of the mutagenesis experiments herein accomplished suggest that the 88 MDa plasmid might be responsible, at least in part, for the pathogenicity observed in strain SEPT 13. This is because strain ST16 was less virulent than SEPT 13 and had the insertion of the transposon in this plasmid as indicated by the plasmid profile and hybridization experiments. Previous studies \[[@B25],[@B38],[@B45]\] have also indicated that high-molecular weight plasmids could have genes involved in the pathogenicity of avian *E. coli* strains.

Transformant A exhibited fimbriae expression and adhesion to HEp-2 and chicken embryo tracheal cells, but was unable to invade the HEp-2 cells. The fimbriae expressed by this transformant cell, might have been expressed by the MS101 strain; therefore, we transferred the plasmid to a non-fimbriated strain (HB101). As a result, no fimbriae were expressed by the new transformant strain (transformant B). However, the transformant strains (A and B) had adhesion characteristics identified in the HEp-2 cells. This indicates that these strains were expressing adhesin that was not expressed by strains MS101 and HB101. In addition, transformant A was able to adhere to chicken embryo tracheal epithelial cells, unlike strain MS101. These results suggest that afimbrial adhesins were encoded by genes present in the 88 MDa plasmid, and likely responsible for the adhesion characteristics of the transformant strains. In addition, the insertion of transposon TnphoA in the 88 MDa plasmid did not knock out the adhesion genes. Although strain SEP13 harbors *fimA*, *tsh* and *csgA* genes, as detected by PCR, they were not responsible for the observed adhesion in the transformed strains since they were not transferred to these strains.

Our results support those of Stehling et al. \[[@B40]\]; in that the SEPT13 strain was found to have, a 43 MDa plasmid, with genes responsible for the expression of fimbrial adhesins that are responsible for the adhesion and invasion properties observed in this strain. In addition, this strain appears to have afimbrial adhesin genes located in the 88 MDa plasmid responsible for the adhesion properties herein studied. These observations suggest that the SEPT 13 strain has more than one adhesin type responsible for all adhesion properties; as demonstrated by adhesion genes expressed in different plasmids. The attenuation of virulence exhibited by the mutant ST16 in the one-day-old chicken assay is remarkable. Considering that the invasion capacity is mediated by the 43 MDa plasmid, we speculate that the 88 MDa plasmid may carry genes related to serum resistance or *in vivo* replication, abilities that almost invariably are exhibited by bacteria that cause systemic infections. Therefore, insertion mutagenesis of the 88 MDa plasmid, mediated by the TnphoA transposon, probably impaired the function of the genes essential for mediation or regulation of the expression of such characteristics. However, further studies are needed to characterize these genes.

In conclusion, the results of this study show that a 88 MDa plasmid has genes responsible for adhesion in avian pathogenic *E. coli* to *in vitro* cultured cells and to tracheal epithelial cells. These adhesion characteristics are likely mediated by a non-fimbriated adhesin. In addition, this plasmid probably carries genes or operons essential for the pathogenicity observed in the one-day-old chicken assay, which requires additional study. These results, together with those obtained in a previous work conducted by our research group \[[@B40]\] indicate that the pathogenesis of APEC is very complex and further investigations are necessary to improve our understanding of it. In addition, the recognition that these strains express more than one adhesin suggest that molecular cloning of these compounds may help improve our understanding of the pathogenicity of avian *Escherichia coli*.
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![Agarose gel electrophoresis (0.7%) of plasmid DNA from the SEPT13 strain, its derivative transformant strains and the reference plasmids Lane 1: Strain V517 (32 MDa), Lane 2: Strain SEPT13, Lane 3: Strain ST16, Lane 4: Recipient strain MS101 harboring the 93 MDa plasmid (Strain transformant A).](jvs-9-75-g001){#F1}

![Adhesion of strain SEPT13 and its derivative transformant strains to Hep-2 cells. (A) Strain SEPT 13; (B) Strain MS101 (C) Strain ST16; (D) Strain transformant A; (E) Strain HB101; (f) Strain transformant B. ×1,000.](jvs-9-75-g002){#F2}

![Adhesion of strains SEPT 13 and its derivative transformant strains to tracheal epithelial cells. (A) Strain SEPT 13; (B) Recipient strain MS101; (C) Strain ST16; (D) Recipient strain MS101 harboring the 93 MDa plasmid (Strain transformant A). Arrowheads identify bacterial cells adherent to the tracheal epithelial cells. ×1,000.](jvs-9-75-g003){#F3}

![Electron microscopy studies of fimbria expression by the *E. coli* strains. (A) Strain SEPT 13, ×32,000; (B) Recipient strain HB101, ×80,000; (C) Recipient strain HB101 harboring the 93MDa plasmid (Strain transformant B), ×40,000; (D) Strain MS101, ×18,000.](jvs-9-75-g004){#F4}
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Genes and primers evaluated in strain SEPT13 and derivative strains
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###### 

Biological characteristics of the SEPT13 strain and its derivative transformants
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^\*^Ap: ampicillin, Sm: streptomicin, Tc: tetracycline, Km: kanamycine, NA: nalidixic acid; DA: diffuse adhesion, ND: not determined; ^†^PCR detection of *fimA*, *csgA*, *papA* and *tsh* genes.
